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We present Raman scattering studies of the structural and magnetic phases that accompany
temperature- and field-dependent melting of charge- and orbital-order (COO) in La0.5Ca0.5MnO3
and La0.25Pr0.375Ca0.375MnO3. Our results show that thermal and field-induced COO melting in
La0.5Ca0.5MnO3 exhibits three stages in a heterogeneous melting process: at low temperatures
and fields, we observe a long-range, strongly Jahn-Teller (JT) distorted/COO phase; at inter-
mediate temperatures and/or fields, we find a coexistence regime comprising both strongly JT
distorted/COO and weakly JT distorted/ferromagnetic metal (FMM) phases; and at high tem-
peratures and/or high fields, we observe weakly JT distorted homogeneous paramagnetic (PM)
or ferromagnetic (FM) phase. In the high field/high temperature regime of La0.5Ca0.5MnO3 and
La0.25Pr0.375Ca0.375MnO3, we identify a clear structural change to a weakly JT distorted phase that
is associated with either a Imma or Pnma structure. We are able to provide a complete structural
phase diagram of La0.5Ca0.5MnO3 for the temperature and field ranges 6≤T≤170 K and 0≤H≤9
T. Significantly, we provide evidence that the field-induced melting transition of La0.5Ca0.5MnO3
is first-order, and resembles a crystallization transition of an “electronic solid.” We also investigate
thermal and field-induced melting in La0.25Pr0.375Ca0.375MnO3 to elucidate the role of disorder in
melting of COO. We find that while thermal melting of COO in La0.25Pr0.375Ca0.375MnO3 is quite
similar to that in La0.5Ca0.5MnO3, field-induced melting of COO in the two systems is quite different
in several respects: the field-induced transition from the COO phase to the weakly JT-distorted/FM
phase in La0.25Pr0.375Ca0.375MnO3 is very abrupt, and occurs at significantly lower fields (H∼2 T
at T∼0 K) than in La0.5Ca0.5MnO3 (H∼30 T at T=0 K); the intermediate coexistence regime is
much narrower in La0.25Pr0.375Ca0.375MnO3 than in La0.5Ca0.5MnO3; and the critical field Hc in-
creases with increasing temperature in La0.25Pr0.375Ca0.375MnO3, in contrast to the decrease in Hc
observed with increasing temperature in La0.5Ca0.5MnO3. To explain these differences, we propose
that field-induced melting of COO in La0.25Pr0.375Ca0.375MnO3 is best described as the field-induced
percolation of FM domains, and we suggest that Griffiths phase physics may be an appropriate the-
oretical model for describing the unusual temperature- and field- dependent transitions observed in
La0.25Pr0.375Ca0.375MnO3.
PACS numbers: 73.43.Nq, 75.47.Lx, 78.30.-j
I. INTRODUCTION
Strong phase competition in the manganese per-
ovskites A1−xBxMnO3 (A=trivalent rare earth,
B=divalent alkaline earth) is known to spawn many
of the interesting properties of these materials, such
as their diverse phase behaviors as functions of tem-
perature, rare earth ionic radius, doping, magnetic
field, and pressure,1,2,3,4,5,6,7,8,9,10,11 as well as the
exotic phenomena these materials exhibit, including
electronic phase separation,12,13,14,15 colossal mag-
netoresistance,16,17,18,19 and charge/orbital ordering
(COO).20,21,22 For example, La0.5Ca0.5MnO3 exhibits a
transition from a high temperature paramagnetic insu-
lating (PI) phase to a ferromagnetic metal (FMM) phase
at TC=225 K, and then to a CE-type antiferromagnetic
insulating (AFI) phase below TN=155 K, in which
the eg orbitals on the Mn
3+ sites alternate between
d3x2−r2 and d3z2−r2 orbital configurations lying in the
a-c plane (in the Pnma representation),59 and the equal
number of Mn3+ and Mn4+ ions form a checkerboard
pattern on the lattice.1,20,23,24,25 La0.5Ca0.5MnO3 also
exhibits significant structural changes associated with its
electronic/magnetic phase transitions. At room temper-
ature, the structure of La0.5Ca0.5MnO3 is described by
the space group Pnma.24,26 However, below TC there is
evidence for the development of nanometer-scale phase
regions with a superlattice structure having the space
group P21/m, in which the unit cell is doubled along the
a axis.27 These P21/m regions become more prominent
with decreasing temperature below TC , and eventu-
ally occupy the entire structure of La0.5Ca0.5MnO3
below TN .
28 There are also large changes in the lattice
parameters between TC and TN in La0.5Ca0.5MnO3:
as the temperature decreases from TC to TN , the a
axis increases by ∆a∼0.022 A˚, the c axis increases by
∆c∼0.041 A˚, and the b axis decreases by ∆b∼−0.122
A˚.20,23,24 This complex transition is associated with
CE-type AFM charge/orbital order.20,23,24 The zig-zag
pattern of the COO configuration in La0.5Ca0.5MnO3
2(see Fig. 1(b))20,21,22,23,24 is associated with cooperative
JT distortions of the Mn3+O6 octahedra that lower the
energy of those orbital states having lobes oriented along
the long Mn-O octahedral bond directions. Accordingly,
the polarization of orbitals in the a-c plane accounts
for the decrease of the b axis—and the increase of
the a and c axes—below TN . The COO configura-
tion in La0.5Ca0.5MnO3 leads to an inequivalency of
adjacent Mn sites below TN , resulting in a doubling
of the unit cell,23,24,27,29,30 and favors CE-type AFM
ordering, in which the spins within the zigzag chains
are ferromagnetically ordered, while spins between
adjacent chains are antiferromagnetically ordered. This
magnetic ordering pattern is suggested by the semico-
valent exchange coupling picture of Goodenough:25 the
singly semicovalent-bonded Mn3+-O-Mn4+ structure
along the chains favors FM coupling, while the doubly
semicovalent-bonded Mn3+-O-Mn3+/Mn4+-O-Mn4+
structure between the adjacent chains favors AFM
coupling.25
A topic that continues to be of great interest in stud-
ies of COO in the manganites concerns the manner in
which the COO state melts into disordered phases, either
via classical thermal melting, or via quantum mechani-
cal (T∼0) melting. Temperature-dependent melting of
COO in the manganites has been well-studied in a vari-
ety of measurements. For example, magnetic and trans-
port measurements show that COO in La0.5Ca0.5MnO3
melts into a FM metal phase above TN , and that this
transition is hysteretic—exhibiting an FM to AFM tran-
sition at TN=135 K on cooling, and at TN=180 K on
warming—indicating that the thermally driven transi-
tion between AFM insulating and FM metal phases
is first-order.1 Electron and x-ray diffraction measure-
ments of La0.5Ca0.5MnO3 further show that the AFM
to FM transition coincides with a transition from a com-
mensurate (CM) to incommensurate (IC) charge-ordered
phase, in which the COO superlattice peaks exhibit a
decreased commensurability with the lattice and a sup-
pression in intensity with increasing temperature up to
TCO=240K.
23,24,27 These results suggest that IC charge
ordering coexists with the ferromagnetic metal phase in
the temperature regime between TN and TCO. Electron
microscopy studies also show that two-phase coexistence
in La0.5Ca0.5MnO3, La5/8−yPryCa3/8MnO3 (y=0.375,
and 0.4), and La0.33Ca0.67MnO3 originates from an in-
homogeneous spatial mixture of FM and CO domains,
whose sizes vary with temperature.14,28,31 It was pro-
posed that IC charge ordering results from thermal dis-
ordering of the eg orbitals in the CO regions, which
finally collapse completely at TCO.
28 The same mech-
anism for thermal melting was also observed in elec-
tron diffraction and electron microscopy measurements
of La0.45Ca0.55MnO3 and Pr0.5Ca0.5MnO3.
32
In contrast to thermal melting of COO in the mangan-
ites, quantum mechanical (T=0) melting of COO in the
manganites has been much less well studied, particularly
using microscopic diffraction or spectroscopic probes. In
quantum mechanical melting, the disruption of COO is
induced near T=0 by tuning a control parameter such as
doping, pressure, and magnetic field; consequently, quan-
tum, rather than thermal, fluctuations may play a sig-
nificant role in quantum melting of COO.2,3,6,33,34 Most
studies of quantum mechanical melting behavior have re-
lied upon chemical substitution at the divalent cation
site, but this method of phase tuning creates a disorder
potential that is expected to have significant effects near
quantum phase transitions.1,6,7,13,34,35 While more lim-
ited in number, studies of magnetic-field-tuned melting
of charge order in the manganites have been revelatory:
Transport and magnetic studies of magnetic-field-tuned
COO melting in Nd0.5Sr0.5MnO3, Pr0.5Sr0.5MnO3, and
Pr1−xCaxMnO3 (x=0.3, 0.35, 0.4, and 0.5) showed that
an applied magnetic field disrupts the AFM order asso-
ciated with COO, and thereby disrupts the COO state,
leading to a sharp drop in resistivity and a transition to a
FM metal phase.2,3,6,33 The hysteresis observed in these
measurements indicates that the field-tuned AFM-to-FM
transition is also a first order transition.2,3,6,33 Optical
measurements of Pr0.6Ca0.4MnO3 and Nd0.5Sr0.5MnO3
have also investigated the effects of thermal and field-
induced melting of charge/orbital order on the optical
spectral weight over a wide energy range.33,36 However,
while these bulk measurements have provided impor-
tant information regarding the effects of thermal and
field-induced melting on the physical properties of the
manganites, they convey little information regarding the
structural or other microscopic changes that accompany
quantum melting of COO in the manganites.
Structural studies of COO field-induced melting in
the manganites have been very limited. For exam-
ple, field-dependent x-ray diffraction measurements of
La0.5Ca0.5MnO3, performed in the field range H=0 to 10
T, have been performed only at T=115 K, showing that
the variance of the Mn-O-Mn bond length—and hence
the size of the JT distortion—decreases with increasing
field at this temperature.37 However, there have been, as
yet, no extensive structural studies of field-induced COO
melting in the manganites over a more complete range of
the H-T phase diagram.
The dearth of microscopic measurements of field-
and pressure-tuned quantum phase transitions associated
with COO in the manganites has left unanswered a vari-
ety of important questions, including: What microscopic
changes accompany quantummechanical melting of COO
in the manganites as functions of pressure and magnetic
field? Is there evidence in quantum phase transitions
for novel phase behavior, such as electronic liquid crys-
tal38 or spin-glass phases? What magnetic and structural
phases result when COO melts by tuning magnetic field
or pressure? What is the role of disorder in the field- or
pressure-tuned quantum phase transitions?
Field- and pressure-tuned inelastic light (Raman) scat-
tering measurements provide a powerful method for
studying structural and other microscopic details asso-
ciated with quantum phase transitions in complex ox-
3ides.39,40,41 For example, Raman scattering can provide
energy, lifetime, and symmetry information about the
important spin, charge, lattice, and orbital degrees-of-
freedom in the manganites, and can convey important in-
formation regarding structural changes that accompany
temperature- and field-dependent phase changes. Addi-
tionally, Raman measurements can be readily made un-
der the ‘extreme’ conditions of low temperature, high
magnetic field, and/or high pressure needed for studying
quantum phase transitions in correlated materials.39,40,41
In this paper, we present temperature- and field-
dependent Raman measurements of La0.5Ca0.5MnO3 and
La0.25Pr0.375Ca0.375MnO3, which enable us to map out
the structural and COO phases of these materials in
the temperature range 2–300 K and in the field range
0–9 T. Among the interesting results of these mea-
surements: (i) We observe strong evidence that both
field- and temperature-dependent melting of COO in
La0.5Ca0.5MnO3 occurs in such a way as to preserve
large coherent domains of COO throughout the melt-
ing process, indicating that field- and temperature-
dependent melting in this material occurs primarily at
the surfaces of COO regions. These results provide
evidence that the field-induced melting transition of
La0.5Ca0.5MnO3 is first-order, and resembles a crystal-
lization transition of an “electronic solid.” (ii) The sim-
ilar effects of field- and temperature-dependent melt-
ing on the structure of La0.5Ca0.5MnO3 further suggests
that magnetic fields and thermal disorder disrupt charge-
ordering through a similar mechanism, i.e., by locally
disordering AFM alignment. (iii) We observe the ap-
pearance of new modes in the high-field regimes of both
La0.5Ca0.5MnO3 and La0.25Pr0.375Ca0.375MnO3, which
indicate that the melted high-field FM phase of these
materials is associated with a structural phase having
weakly JT distorted MnO6 octahedra. (iv) Finally, we
find that substitution of Pr into La1−xCaxMnO3—which
allows us to study the effects of disorder on thermal
and field-induced melting of the COO lattice—has dra-
matically different effects on thermal and field-induced
COO melting. Specifically, we find that while ther-
mal melting of COO into La1−xCaxMnO3 is not dra-
matically affected by Pr-substitution, field-induced melt-
ing in La0.25Pr0.375Ca0.375MnO3 is substantially more
abrupt than that in La0.5Ca0.5MnO3. To explain this,
we propose a Griffiths phase picture of COO melting in
La0.25Pr0.375Ca0.375MnO3 in which COO melting occurs
via field-induced percolation of FM domains.
II. EXPERIMENTAL PROCEDURE
A. Sample details and preparation
Raman scattering measurements were performed on
the as-grown surfaces of high-purity polycrystalline pel-
lets of La0.5Ca0.5MnO3 (TCO=240 K; Ref. 27) and
La0.25Pr0.375Ca0.375MnO3 (TCO=210 K; Ref. 14). The
pellets of both materials contained typical crystallite
sizes between 3×3×3µm3 and 5×5×5µm3.
In the paramagnetic phase, La0.5Ca0.5MnO3 has an
orthorhombic structure associated with the Pnma space
group, which is isostructural to LaMnO3.
9,29,30 The
Pnma structure is that of the simple cubic perovskite
structure ( Pm3m group symmetry), but with the MnO6
octahedra Jahn-Teller distorted and rotated along the
[010] and [101] cubic axes. These changes give rise
to the following values for the lattice parameters in
La0.5Ca0.5MnO3: a≈b≈
√
2ac and c≈2ac, where ac=the
cubic perovskite lattice parameter.29,30,42 Below TN , x-
ray and electron diffraction measurements indicate that
the symmetry of La0.5Ca0.5MnO3 is lowered in the COO
phase to a P21/m structure, which involves a doubling of
the Pnma unit cell to a structure with lattice parameters
a≈2√2ac, b≈
√
2ac and c≈2ac.24,27
B. Raman measurements
The Raman scattering measurements were performed
using the 647.1 nm excitation line from a Kr+ laser. The
incident laser power was limited to 10 mW, and was fo-
cused to a ∼50µm-diameter spot to minimize laser heat-
ing of the sample. The scattered light from the sam-
ples was collected in a backscattering geometry, dispersed
through a triple stage spectrometer, and then detected
with a liquid-nitrogen-cooled CCD detector. The inci-
dent light polarization was selected with a polarization
rotator, and the scattered light polarization was ana-
lyzed with a linear polarizer, providing symmetry infor-
mation about the excitations studied. The samples were
inserted into a continuous He-flow cryostat, which was
itself mounted in the bore of a superconducting magnet,
allowing measurements in both the temperature range
4–350 K and the magnetic-field range 0–9 T.
C. Field measurements
Magnetic field measurements were performed in the
Faraday (−→q ‖H) geometry. To avoid Faraday rotation
effects in applied magnetic fields, the incident light was
circularly-polarized in the (Ei, Es)=(L, R) geometry,
60
where Ei and Es are the incident and scattered elec-
tric field polarizations, respectively, and L(R) stands for
left(right) circular polarization. This geometry allowed
us to investigate modes with symmetries Ag+B1g+B2g+
B3g. The incident light was converted from linearly to
circularly polarized light using a Berek compensator op-
timized for the 647.1 nm line, and the scattered light was
converted back to linearly polarized light with a quarter-
wave plate. In this paper, when listing the excitation
symmetries observed, rather than referring to the P21/m
space group of the actual structure, we use the irreducible
representations of the orthorhombic Pmma space group
of the simplified structure in which the octahedral tilts
4FIG. 1: (a) Temperature dependence of the Raman spectrum
of La0.5Ca0.5MnO3 in the temperature range 6–170 K. (in-
set) Field-dependence of the 420 cm−1 and 440 cm−1 “field-
induced modes” for T=160 K, showing the enhancement of
these modes with applied magnetic field. (b) Schematic
representation of the CE-type AFM/charge/orbital order in
La0.5Ca0.5MnO3, showing the doubling of the unit cell. (c) In-
tensity (empty squares) and linewidth (filled circles) of the 480
cm−1 JT mode as a function of temperature. The intensity of
this mode is suppressed by ∼85% from T=6 K to T=170 K.
(d) Summary of the intensity (empty squares) and linewidth
(filled circles) of the 400 cm−1 “folded phonon mode” as a
function of temperature. The intensity of this mode is com-
pletely suppressed above T=150 K. The symbol sizes in parts
(c) and (d) reflect an estimated 5% error associated with fits
to the observed spectra.
(rotations) are not present, but in which the symmetry is
lowered due to charge/orbital ordering. This simplifica-
tion is justified29 by the observation that the most intense
Raman lines observed in La0.5Ca0.5MnO3 are associated
with those observed in the COO layered manganites.43
III. RESULTS AND DISCUSSION
A. Mode assignments
The temperature dependent Raman spectra of
La0.5Ca0.5MnO3 are shown in Figure 1(a). As the tem-
perature is decreased below TN=180 K, a broad peak
near 465 cm−1 narrows, increases in intensity, and shifts
to higher energies, attaining a value of roughly 480 cm−1
below T∼150 K. The evolution of this peak is concomi-
tant with the growth of new peaks at 400, 430, and
515 cm−1 that appear in the COO phase. Notably,
the temperature dependent Raman spectra we observe
FIG. 2: Normal modes associated with the 480 cm−1 JT peak:
the 487 cm−1 B2g and 473 cm
−1 Ag asymmetric stretch modes
of the oxygen atoms in the MnO6 octahedra. (adapted from
Ref. 29 and Ref. 43)
in Fig. 1(a) are consistent with those reported previ-
ously by Granado et al.,44 Liarokapis et al.,45 and Abra-
shev et al.29 Also, a full symmetry analysis of the Ra-
man spectra in both LL and LR geometries was previ-
ously reported in Naler et al.[34] In the following, we
focus on the assignments of several phonon modes—
including the 480 cm−1 phonon and newly observed
modes at 400, 430, and 515 cm−1 in the COO phase—
which are used in this study to monitor the field- and
temperature-dependent evolution of various phases in
La0.5Ca0.5MnO3 and La0.25Pr0.375Ca0.375MnO3:
(i) 480 cm−1 “Jahn-Teller” mode - The 480 cm−1
Jahn-Teller mode appears in both the LL and LR
geometries.[34] Previous reports have attributed the 480
cm−1 peak to either Mn-O bending29,42 or stretch-
ing43,45,46 modes associated with the MnO6 octahedra.
We associate the 480 cm−1 peak with two nearly degen-
erate asymmetric Mn-O stretching modes of the MnO6
octahedra (illustrated in Fig. 2), a B2g mode at 473
cm−1 and an Ag mode at 487 cm
−1, based upon the
following evidence: First, Raman studies show that the
energy of the 480 cm−1 phonon is not sensitive to sub-
stitution at the rare-earth site, R.46 This suggests that
the 480 cm−1 phonon in La0.5Ca0.5MnO3 is a Mn-O
stretch mode, since substitution on the rare earth site
R strongly affects the frequencies of the Mn-O bending
modes.61 Second, the broad band near 465 cm−1—from
which the 480 cm−1 phonon evolves—is activated in the
Raman spectrum by JT distortions of the MnO6 octa-
hedra,29,30,46,47 which lower the site symmetry and acti-
vate the asymmetric stretching modes. Consequently, the
480 cm−1 “Jahn-Teller” mode serves as an ideal probe
of the degree to which JT distortions evolve through
various temperature- and field-dependent transitions in
5FIG. 3: (a) Doping dependence of the Raman spectrum of
La1−xCaxMnO3 at x=0.5, 0.495, 0.55, and 0.45. (b) Sum-
mary of the intensity of the 400 cm−1 “folded phonon” mode
(empty squares) and the 480 cm−1 JT mode (filled circles) as
a function of doping.
La0.5Ca0.5MnO3 and La0.25Pr0.375Ca0.375MnO3. The JT
distortions of the MnO6 octahedra are induced by the
localization of eg electrons on the Mn
3+ sites, and conse-
quently the presence of the 480 cm−1 mode can indicate
even short-range charge/orbital order.
(ii) “Folded phonon modes” - The appearance of new
peaks at 400, 430, and 515 cm−1 in the COO phase of
La0.5Ca0.5MnO3 below T∼150 K (see Fig. 1(a)) reflects
the doubling of the unit cell in the CO phase, which
“folds” zone-boundary phonon modes to the zone cen-
ter. Similar zone-folding behavior has been observed
in the Raman spectra of other COO materials, includ-
ing La0.5Sr1.5MnO4 and LaSr2Mn2O7.
43,62 The modes
at 400 cm−1 and 430 cm−1 appear in both the LL and
LR geometries, and the mode at 515 cm−1 appears in the
LR geometry.[34] We attribute the new B2g modes at 400
cm−1 and 430 cm−1, and the Ag mode at 515 cm
−1, to
Mn-O bending modes of the MnO6 octahedra,
63 which
become Raman-active in the monoclinic P21/m struc-
ture that results from the doubling of the Pnma phase
by charge/orbital ordering.29,30 Evidence for our inter-
pretation is seen in the rapidity with which these modes
disappear as La1−xCaxMnO3 is doped away from com-
mensurate x=0.5 filling, as shown in Figure 3. The strong
doping dependence of these ‘activated’ modes is indica-
tive of the sensitivity of these folded modes to the loss
of long-range charge and orbital order; consequently, we
can use the intensities of these folded phonons to char-
acterize the degree of long-range charge/orbital order in
La0.5Ca0.5MnO3 as functions of magnetic field and tem-
perature.
(iii) “Field-induced modes” - Two modes at 420
cm−1 and 440 cm−1, which are very weak but appar-
ent in the zero-field spectrum at T=160 K, are dra-
matically enhanced with increasing magnetic field, as
shown in the inset of Figure 1(a). These magnetic-
field-induced modes are characteristic of spectra that
have been observed for manganites having structural
phases with weak or no JT distortions, i.e., with sym-
metric or nearly symmetric MnO6 octahedra. These
phases include rhombohedral La0.67Sr0.33MnO3,
46 or-
thorhombic (FMM) La0.67Ca0.33MnO3,
30,46,47 rhom-
bohedral La0.98Mn0.96O3,
30 and orthorhombic (PM)
CaMnO3.
48 Additionally, magnetic-field-dependent x-ray
diffraction studies of La0.5Ca0.5MnO3 provide further ev-
idence that the MnO6 octahedra have identical Mn-O
bond lengths at high fields.37 Therefore, we assume that
the appearance of the new modes at 420 cm−1 and 440
cm−1 are indicative of a new structural phase that has
no, or only weak, JT distortions.
Regarding the specific mode assignment of the 420
cm−1 and 440 cm−1 phonons, although it is unclear
whether these modes are best associated with an or-
thorhombic Pnma structure (of LaMnO3) or with the
rhombohedral structure,30,47 there is a clear correspon-
dence between the 420 cm−1 and 440 cm−1 field-
induced modes of La0.5Ca0.5MnO3 and the 465cm
−1 and
487cm−1 modes in CaMnO3;
48 the ∼46 cm−1 frequency
difference between these pairs of modes can be attributed
to the strong sensitivity of the frequency of these phonons
to the R-O bond length reported by Mart´ın-Carro´n et
al.46 In CaMnO3, the modes at 465 cm
−1 and 487 cm−1
are activated by a D[101] type distortion, which involves
a rotation (tilt) of the MnO6 octahedra about the [101]
cubic axis. This distortion is imposed on the cubic per-
ovskite structure by the Pm3m symmetry, and results
in a lowering of symmetry to the orthorhombic Imma
structure.48 However, because CaMnO3 also has both
weak JT distortions and DA−shift type distortions of
the MnO6 octahedra, CaMnO3 is most appropriately as-
sociated with the orthorhombic Pnma structure.48 The
latter distortion involves a shift of the La/Ca atoms
from their sites in the ideal perovskite in [100] direc-
tion (in the Pnma basis). Therefore, more study is
needed to identify whether the specific structural phase
we observe in La0.5Ca0.5MnO3 at high magnetic fields
is a Pnma phase with weak JT distortions, or simply
a Imma phase with a D[101] basic distortion. In either
case, we can use the field-induced modes at 420 cm−1
and 440 cm−1 to monitor the evolution of a “weakly JT
distorted” (Imma or Pnma) phase in La0.5Ca0.5MnO3
and La0.25Pr0.375Ca0.375MnO3 as functions of magnetic
field and temperature.
B. Raman studies of La0.5Ca0.5MnO3
In the following, we describe the results of our
temperature- and field-dependent Raman scattering
measurements of La0.5Ca0.5MnO3, in which material the
COO state is fully commensurate and ordered (see Fig.
1(b)) at temperatures well below TCO=240 K.
61. Temperature dependence
Fig. 1(a) shows that the four low temperature peaks at
480 cm−1, 400 cm−1, 430 cm−1, and 515 cm−1 systemat-
ically lose intensity as a function of increasing tempera-
ture: the “folded phonon” peaks at 400 cm−1, 430 cm−1,
and 515 cm−1 are completely suppressed above T∼150
K, but exhibit very little change in linewidth throughout
the temperature range 0–150 K. On the other hand, the
480 cm−1 “JT mode” persists above 150 K, but exhibits
both a significant broadening in linewidth and a shift in
energy above this temperature. The temperature depen-
dent intensities and linewidths of the 480 cm−1 and 400
cm−1 modes are summarized in Figures 1(c) and 1(d).
Fig. 1(a) also reveals that new weak peaks at 420 cm−1
and 440 cm−1 start to appear at T∼150 K, above which
temperature the folded phonon peaks are suppressed and
the 480 cm−1 JT mode is weak but present. As shown in
the inset of Fig. 1(a), the new peaks at 420 cm−1 and 440
cm−1 are very weak in the H=0 T spectra, but become
significantly stronger with increasing magnetic field.
2. Field dependence
Figs. 4(a), 4(b), and 4(c) show the field-dependent
Raman spectra obtained at T=6 K, 120 K, and 150 K,
respectively. Below T=80 K, Raman spectra taken as a
function of magnetic field show little significant change
in the linewidths or intensities of the modes between 0
T to 9 T, as shown in the spectra obtained at T=6 K
in Fig. 4(a). However, for T≥80 K, the intensities of
the spectra become increasingly sensitive to the appli-
cation of a magnetic field, as shown in the spectra ob-
tained at T=120 K in Fig. 4(b). Figs. 4(d) and 4(e)
summarize the field-dependent intensities and linewidths
of both the 480 cm−1 “JT mode” and the 400 cm−1
“folded phonon mode” at T=120 K. The parameters of
the 480 cm−1 “JT mode” were obtained from Gaussian
fits and those of the 400 cm−1 “folded phonon mode”
were obtained from Lorentzian fits to the spectra in Fig.
4, examples of which are illustrated by the solid curves
in Fig. 4 (a).64 The symbol sizes in Figs. 4(d) and
(e) reflect the estimated 5% errors associated with these
fits. The field-dependent development of both the in-
tensities and linewidths of these peaks is very similar
to their temperature-dependent evolution described ear-
lier. In particular, while there are significant and system-
atic changes in the intensities of the “JT” and “folded
phonon” modes with increasing field for H<6 T, there
are much less dramatic changes in the linewidths of these
modes with applied fields. However, the linewidths also
show significant changes for 6 T≤H<8 T. For H≥8 T,
the folded phonon mode disappears, but the 480 cm−1
JT mode persists with a residual intensity. The spec-
trum at T=120 K also illustrates that the new modes at
420 cm−1 and 440 cm−1 appear at H∼6 T, indicating
the appearance of a “weakly JT distorted” phase. These
FIG. 4: (a) Magnetic field dependence of the Raman spec-
trum of La0.5Ca0.5MnO3 at 6 K, illustrating the absence of a
significant change in the spectrum with increasing magnetic
field. The solid lines illustrate the examples of Gaussian and
Lorentzian fits to the actual spectra, and the thick dashed
line illustrates the sum of all individual fits. (b) Magnetic
field dependence of the Raman spectrum of La0.5Ca0.5MnO3
at 120 K, showing a significant suppression of the JT mode
and the folded phonon modes, and indicating the appearance
of field-induced modes near 420 cm−1 and 440 cm−1 with in-
creasing magnetic field. (c) Magnetic field dependence of the
Raman spectrum of La0.5Ca0.5MnO3 at 150 K, showing the
evolution of the 420 cm−1 and 440 cm−1 field-induced modes
with increasing field. (d) Summary of the intensity (empty
squares) and linewidth (filled circles) of the 480 cm−1 “JT
mode” as a function of magnetic field. The intensity of this
mode is suppressed by∼80% fromH=0 T toH=9 T. (e) Sum-
mary of the intensity (empty squares) and linewidth (filled
circles) of the 400 cm−1 “folded phonon” mode as a function
of magnetic field. The intensity of this mode is completely
suppressed above H=8 T. (f) Summary of the combined in-
tensities (empty squares) of the 420/440 cm−1 “field-induced
phonon” modes as a function of magnetic field. The intensity
of these modes is essentially fully developed above H=8 T.
The symbol sizes in parts (d), (e), and (f) reflect an estimated
5% error associated with fits to the observed spectra.
modes become enhanced with increasing field but show
no significant enhancement For H≥8 T, indicating a full
development of the modes. The spectrum at T=150 K in
Fig. 4(c) shows that the evolution of the “field-induced”
modes occurs at a significantly lower magnetic field value
H∗(T ) compared to that at T=120 K, and the modes are
completely developed even at H∼3 T. One also observes
7that, at T=150 K, the folded phonon modes are very
weak at H=0 T, and disappear with even the smallest
applied magnetic field, suggesting that long range COO
is disrupted at this temperature even for small applied
magnetic fields. We show the evolution of the folded
phonon modes and the field-induced modes by plotting
their intensities as functions of both magnetic field and
temperature in Figs. 5(a) and 5(b).
3. Discussion
The temperature-dependent Raman spectra for
La0.5Ca0.5MnO3 allow us to draw several conclusions re-
garding the manner in which COO in La0.5Ca0.5MnO3
melts with increasing temperature. First, the persistence
with increasing temperature of the folded-phonon modes
at 400, 430, and 515 cm−1—which are again highly sen-
sitive to the degree of long-range COO—suggest that
long-range coherence of COO is preserved throughout
much of the thermal melting process. This conclusion
is also supported by the temperature dependence of the
480 cm−1 and 400 cm−1 mode linewidths: in the tem-
perature regime well below the transition temperature
(T<150 K in Fig. 1(c) and (d))—in which the size of
the COO domain regions is much larger than the mean
free path of the phonon—the 480 cm−1 and 400 cm−1
mode linewidths show no dependence on changing tem-
perature. However, in the coexistence regime around the
transition temperature (T>150 K in Fig. 1(c) and (d)),
the 480cm−1 mode linewidth exhibits a rapid increase
with temperature, indicating that the sizes of the COO
domain regions have become smaller than the phonon
mean free path. This temperature-dependent evolution
is suggestive of a first-order “electronic crystallization”
transition in La0.5Ca0.5MnO3, in which the kinetics in
the coexistence region corresponds to the propagation of
a phase front. Indeed, our evidence that thermal melting
in La0.5Ca0.5MnO3 proceeds heterogeneously, by disrupt-
ing order at the surfaces of COO domain regions rather
than by homogeneously disrupting COO domains, is con-
sistent with TEM studies showing heterogeneous melt-
ing of COO in La0.33Ca0.67MnO3.
31 Furthermore, the
first-order nature of the COO melting transition in three-
dimensional (3D) La0.5Ca0.5MnO3 is also supported by
the fact that this transition differs substantially from
the continuous (second-order) CDW transition in layered
(quasi-2D) dichalcogenides such as 1T -TiSe2: in the lat-
ter system, there is roughly a five-fold increase in the
linewidth of the CDW amplitude modes with increasing
temperature or pressure, suggesting a very rapid—and
roughly uniform—dissolution of long-range CDW order
throughout the melting process.40 It is interesting to note
that the observed differences in the ordering transitions
of 3D La0.5Ca0.5MnO3 and quasi-2D 1T -TiSe2 are also
consistent with theoretical calculations of ordering be-
havior in 3D and 2D systems: variational renormalization
group calculations of the three-dimensional three-state
Potts model—which is an appropriate description of the
three-fold degeneracy associated with ordering in cubic
La0.5Ca0.5MnO3—predict that the ordering transition
should be weakly first order.49,50 The addition of lattice
degrees of freedom (i.e., a compressible system) has been
shown to further “harden” the first-order nature of the
transition in 3D systems.51,52 On the other hand, calcu-
lations of the two-dimensional three-state Potts model—
which is appropriate for layered dichalcogenides such as
1T -TiSe2 because of the three commensurate CDWs in
these quasi-2D materials—predict that the ordering tran-
sition should be continuous.49 We note, however, that the
presence of a critical amount of disorder in 3D systems
is expected to round the first order transition and make
the transition difficult to distinguish from a continuous
phase transition.53,54
Our results allow us to identify several distinct elec-
tronic and structural phases in cubic La0.5Ca0.5MnO3
as a function of temperature: (i) Long-range COO
regime - Below 150 K, long-range COO persists in
La0.5Ca0.5MnO3, as suggested by the presence of folded
phonons and by the temperature-insensitive linewidths
of the 480 cm−1 JT mode. (ii) Short-range COO
regime - In the temperature range 150–170 K, long-
range coherence of COO in La0.5Ca0.5MnO3 becomes
suppressed—as evidenced in this temperature regime by
the persistence of a 480 cm−1 JT mode with a signif-
icantly broadened linewidth, and by the disappearance
of the folded phonon modes—indicating a phase regime
in which short-range COO prevails. The appearance of
new modes at 420 cm−1 and 440 cm−1 in this temper-
ature range, 150≤T≤170 K, also indicates that “weakly
JT distorted” phase regions coexist with the strongly JT
distorted COO regions in this regime. (iii) Weakly JT
distorted regime - At very high temperatures (T>200 K),
the 480 cm−1 JT mode is almost completely suppressed,
and the 420 cm−1 and 440 cm−1 modes are clearly ev-
ident, indicating the presence of a weakly JT-distorted
FMM regime associated with either a Imma or Pnma
phase in this temperature range.
These results suggest the following description of the
thermal melting process in La0.5Ca0.5MnO3: With in-
creasing temperature below 150 K, first-order melting
primarily proceeds at the interface between large coher-
ent COO regions, thereby shrinking the COO volume,
but maintaining long-range coherence of COO domains;
at still higher temperatures (150≤T≤170 K), additional
melting leads to the eventual collapse of long-range COO,
and the development of a regime in which short-range
COO coexists with a “weakly JT distorted” phase. This
melting process is consistent with the thermal melting
of COO observed in earlier studies of La0.5Ca0.5MnO3,
in which a commensurate (CM) charge/orbital ordered
phase was observed to melt with increasing tempera-
ture into an incommensurate (IC) charge ordering regime
that coexists with the ferromagnetic metal phase above
TN=180K.
23,24,27 In fact, the high temperature modes we
observe at 420 cm−1 and 440 cm−1, which are indicative
8of the weakly JT distorted phase, are known to be associ-
ated with the Raman spectrum of ferromagnetic metallic
La0.55Ca0.45MnO3 shown in Figure 3(a). Our description
of the thermal melting process in La0.5Ca0.5MnO3 is also
consistent with the three-step “heterogeneous” formation
process of charge ordering (CO) observed by Tao and
Zuo in La0.33Ca0.67MnO3 using transmission electron mi-
croscopy (TEM):31 short-range CO in La0.33Ca0.67MnO3
initially forms at T∼280K; CO regions then grow with
decreasing temperature via cluster formation; and finally,
long-range CM CO develops via the percolation of these
clusters below T∼235K.31 Because Raman scattering is a
q=0 probe, we are not able to estimate the size of the CO
domains. However, previous electron microscopy studies
have estimated their size to be approximately 10-20 nm
at 200 K and 50-60 nm at 125 K.28
Interestingly, our field-dependent Raman results in
La0.5Ca0.5MnO3 (see Sec. III B 2) indicate a strong sim-
ilarity between the thermal and field-induced disruption
of COO in this material. For example, the persistence
of the folded phonon modes—as well as the insensitivity
of the 480 cm−1 and 400 cm−1 mode linewidths—with
increasing magnetic field below 6 T at T=120 K suggests
that domains characterized by long-range COO persist
throughout much of the field-induced melting process.
Second, the appearance of new field-induced modes, and
the persistence of the 480 cm−1 JT mode above 6 T at
T=120 K, are indicative of the coexistence in this high
field range of a weakly JT distorted/FMM phase (as-
sociated with either a Imma or Pnma structure; see
Sec. III Aiii) and a short-range COO phase.
The similarities between thermal and field-induced
melting of COO in La0.5Ca0.5MnO3 suggest that the
application of a magnetic field also disrupts antiferro-
magnetic order preferentially at the surface of COO re-
gions, giving rise to heterogeneous melting of the co-
herent long-range COO regions, and the evolution of
a field regime in which short-range COO regions coex-
ist with weakly JT distorted/FMM regions. Notably,
our field-dependent Raman results suggest a three-stage
field-dependent melting process in La0.5Ca0.5MnO3, con-
sistent with the three distinct structural phases identi-
fied by Tyson et al.37 in field-dependent x-ray absorption
measurements at T=115 K. Indeed, although the struc-
tural details inferred by the x-ray measurements were
obtained only at T=115 K,37 the comparisons of these
x-ray results to our more extensive temperature- and
field-dependent Raman measurements suggest that one
can generalize the following structural details through-
out H-T phase diagram: (i) Low field-regime - At low
magnetic fields (e.g., 0≤H≤6 T at T=120 K), only the
480 cm−1 “JT mode” and the 400 cm−1 “folded phonon”
modes are present, indicative of a long-range “strongly
JT distorted”/COO phase. X-ray absorption measure-
ments (at T=115 K) confirm that the distribution of Mn-
O and Mn-Mn separations exhibit only a weak field de-
pendence in this regime.37 (ii) High field regime - Above
a critical field value Hc(T ) (e.g., Hc∼7 T at T=120 K),
FIG. 5: (a) Contour plot of the intensity of the 400 cm−1
folded phonon mode as functions of temperature and mag-
netic field. The dark (purple) shades indicate the prevalence
of the strongly JT distorted (P21/m space group) structural
phase, which is associated with the AFM/COO phase. (b)
Contour plot of the combined intensities of the 420 cm−1 and
440 cm−1 field-induced modes as functions of temperature
and field. The dark (green) shades indicate the prevalence
of the weakly JT distorted (Imma or Pnma space group)
structural phase, which is associated with the ferromagnetic
metal (FMM) phase. (c) Temperature/magnetic field phase
diagram of La0.5Ca0.5MnO3 inferred from the intensity plots
in (a) and (b), showing the phase boundary, H∗(T ), between
the strongly JT distorted (P21/m space group) AFM/COO
phase (purple) and intermediate “coexistence” phase (black)
regimes, and the phase boundary, Hc(T ), between the inter-
mediate “coexistence” phase (black) and weakly JT distorted
(Imma or Pnma space group) FMM phase (green) regimes.
the 400 cm−1 folded phonon mode is completely sup-
pressed, and the field-induced 420 and 440 cm−1 modes
are fully developed, indicative of a long-range “weakly JT
distorted”/FMM phase associated with either a Imma
or a Pnma structure. Field-dependent x-ray data at
T=115 K indicate that the transformation to this high-
field FM regime is accompanied, first, by a reduction of
the Debye-Waller (DW) factor for the Mn-O distribution
to σ2∼0.0032, which is comparable to that of CaMnO3,
9and second, by the development of a Gaussian radial
Mn-O distribution, indicating the disappearance of JT
distortions. The average Mn-O bond distance also ap-
proaches a value of 1.96 A˚ in the high-field FM region,
which corresponds to the average Mn-O bond distance
found in FM La1−xCaxMnO3 near x=0.33.
37 (iii) In-
termediate field regime - In the intermediate field range
(e.g., 6≤H≤7 T at T=120 K), the folded phonons are
very weak, and the 420 and 440 cm−1 modes start to ap-
pear, indicative of a coexistent phase regime with a com-
bination of strongly JT distorted/COO and weakly JT
distorted/FMM phase regions. A narrowmixed-phase re-
gion was also observed at intermediate field-values by x-
ray absorption measurements.37 The similarity between
thermal and field-induced melting behavior of the 480
cm−1 “JT mode” in La0.5Ca0.5MnO3 suggests that—
like the T -dependent phase transition—the field-induced
COO transition is a first-order quantum phase transi-
tion associated with melting of an electronic “crystal,”
and that the “intermediate field regime” can be identified
with the coexistence phase regime in which the phonon
mean free path is on the order of, or longer than, the size
of the COO domain regions.
The three phase regimes implied by our Raman results
are summarized in the magnetic-field- and temperature-
dependent phase diagram of La0.5Ca0.5MnO3, shown in
Figure 5(c), obtained by combining the intensity plots
of the folded phonon (Fig. 5(a)) and field-induced
(Fig. 5(b)) modes. The resulting structural H-T
phase diagram is indicative of a very robust COO state
in La0.5Ca0.5MnO3, with critical field values, H
∗(T )—
between the long-range COO and intermediate “coexis-
tence” regimes—and Hc(T )—between the intermediate
“coexistence” and weakly JT distorted FMM regimes—
that decrease roughly linearly with decreasing tempera-
ture at a rate of ∼−0.2 T/K. Extrapolating this first-
order critical field line to higher field values suggests an
approximate T=0 critical point of H∗(T=0)∼30 T for
La0.5Ca0.5MnO3.
C. Raman studies of La0.25Pr0.375Ca0.375MnO3
It is of interest to explore the effects of disorder on
thermal and field-induced melting of the robust COO
state observed La0.5Ca0.5MnO3, in order to explore the
manner in which disorder destabilizes COO in the ma-
ganites. The effects of disorder on commensurate COO
in La0.5Ca0.5MnO3 can be investigated by substituting
Pr in the La1−xCaxMnO3 lattice. The random substi-
tution by Pr ions having a 3+ valence state results in
the deviation from a commensurate composition x=0.5,
but preserves the COO state even at the DE (dou-
ble exchange)-optimized composition x=0.375, due to
the relatively small ionic size of Pr.14 Accordingly, Pr-
substitution into commensurate La0.5Ca0.5MnO3 has the
effect of disordering the commensurate charge-ordered
lattice, as schematically illustrated in Fig. 6(b). In
FIG. 6: (a) Temperature dependence of the Raman spec-
trum of La0.25Pr0.375Ca0.375MnO3 in the temperature range
3.5–210 K. (b) Schematic representation of the effect
of Pr-substitution in La0.25Pr0.375Ca0.375MnO3 on COO,
where double circles represent charge (hole) defects in
COO. (c) Summary of the intensity (empty squares) and
linewidth (filled circles) of the 480 cm−1 “JT mode” of
La0.25Pr0.375Ca0.375MnO3 as a function of temperature. The
intensity of this mode is suppress by ∼75% from T=3.5 K
to T=210 K. (d) Summary of the intensity (empty squares)
and linewidth (filled circles) of the 400 cm−1 “folded phonon”
mode of La0.25Pr0.375Ca0.375MnO3 as a function of temper-
ature. The intensity of this mode is completely suppressed
above T=170 T. The symbol sizes in parts (c) and (d) reflect
an estimated 5% error associated with fits to the observed
spectra.
the following, we describe the results of temperature-
and field-dependent Raman scattering measurements of
La0.25Pr0.375Ca0.375MnO3, in which we investigate the
effects of disorder on temperature- and field-induced
melting of COO.
1. Temperature dependence
The temperature dependent Raman spectra of
La0.25Pr0.375Ca0.375MnO3 are shown in Figure 6(a).
Note that the temperature dependence of the Raman
spectra in the COO phase of La0.25Pr0.375Ca0.375MnO3 is
not significantly different from that of La0.5Ca0.5MnO3:
The “folded modes” at 400, 430, and 520 cm−1
gradually lose intensity with relatively little change
in linewidth, eventually becoming suppressed above
T∼170 K; however, the 480cm−1 mode persists above
T∼170K, similar to the temperature-dependent be-
havior observed in La0.5Ca0.5MnO3. The remark-
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FIG. 7: (a) Magnetic field dependence of the Raman spectrum
of La0.25Pr0.375Ca0.375MnO3 at 3.5 K, showing a dramatic
suppression of the 480 cm−1 JT and 400 cm−1 folded phonon
modes, and the appearance of the 420 cm−1 and 440 cm−1
field-induced modes at H∼2 T. (b) Magnetic field depen-
dence of the Raman spectrum of La0.25Pr0.375Ca0.375MnO3
at 130 K, showing an abrupt field-induced transition between
strongly JT distorted and weakly JT distorted structural
phases. (c) Magnetic field dependence of the Raman spec-
trum of La0.25Pr0.375Ca0.375MnO3 at 190 K. (d) Summary
of the intensity (empty squares) and linewidth (filled circles)
of the 480 cm−1 “JT mode” as a function of magnetic field.
The intensity of this mode is completely suppressed above
H=2 T. (e) Summary of the intensity (empty squares) and
linewidth (filled circles) of the 400 cm−1 “folded phonon”
mode as a function of magnetic field. The intensity of this
mode is completely suppressed above H=2 T. (f) Summary
of the combined intensities (empty squares) of the 420/440
cm−1 “field-induced phonon” modes as a function of mag-
netic field. The intensity of this mode is essentially fully de-
veloped above H=2 T. The symbol sizes in parts (d), (e), and
(f) reflect an estimated 5% error associated with fits to the
observed spectra.
able similarity between the temperature dependences of
the La0.25Pr0.375Ca0.375MnO3 and La0.5Ca0.5MnO3 Ra-
man spectra suggest that disordering COO with Pr-
substitution does not appreciably affect temperature-
dependent melting of COO in this material.
2. Field dependence
In contrast with the temperature-dependent
evolution of the Raman spectrum in
La0.25Pr0.375Ca0.375MnO3, the field-dependent evo-
lution of the La0.25Pr0.375Ca0.375MnO3 spectrum differs
markedly from that observed in La0.5Ca0.5MnO3, as
illustrated in Figs. 7. Specifically, even in the lowest
temperature spectrum measured at T∼3.5 K, shown in
Fig 7(a), the 480 cm−1 “JT mode” and the 400 cm−1
“folded phonon mode” of La0.25Pr0.375Ca0.375MnO3
exhibit a dramatic and abrupt decrease in intensity with
increasing magnetic field, becoming suppressed above
a critical field of roughly Hc∼2 T. Furthermore, above
this critical field, there is an abrupt appearance of the
field-induced 420 and 440 cm−1 modes, signaling the
appearance of a “weakly JT” distorted phase. This
strong field dependence is in strong contrast to the
field-independence observed in La0.5Ca0.5MnO3 for
T<80 K. Additionally, this strong field dependence is
different than the field dependence of La0.5Ca0.5MnO3
observed even in high temperatures T>80 K. Specif-
ically, La0.5Ca0.5MnO3 exhibits a gradual change in
intensities of all the modes with increasing field, as
well as an intermediate field regime in which both the
folded phonon modes and weakly JT distorted modes
are observed, indicating the coexistence of long-range
COO and weakly JT distorted regions in this field range.
By contrast, the field dependence observed at T=3.5 K
in La0.25Pr0.375Ca0.375MnO3 is much more dramatic,
exhibiting an abrupt change in the spectrum between
1.5 and 2 T without any evidence for an intermediate
field regime characterized by phase coexistence. In-
terestingly, the abrupt change in the spectrum is even
more remarkable at higher temperatures, as illustrated
by the field dependent data at T=130 K shown in Fig.
7(b) and T=190 K shown in Fig. 7(c): Specifically,
at T=130 K, the “low-field regime” spectrum shows
no field dependence up to H∼3 T. However, there
is a striking transition to the “weakly JT distorted”
spectral response between 3 and 3.5 T. At T=190 K,
such a dramatic transition occurs between 3.5 and 4 T,
again with no evidence for an intermediate field regime
characterized by phase coexistence. Above the critical
field, the “weakly JT distorted” spectrum shows no
additional field dependence; that is, this field-induced
transition in La0.25Pr0.375Ca0.375MnO3 appears to be an
abrupt and direct change from the COO/AFM phase to
the weakly JT distorted/FM phase.
Figure 8(a) and 8(b) illustrate the field depen-
dence of the intensities of the 400 cm−1 “folded
phonon” and the 420 and 440 cm−1 field-induced
modes in La0.25Pr0.375Ca0.375MnO3 in the tempera-
ture range 3.5–210 K. These intensity plots enable
us to map out a structural and COO phase dia-
gram for La0.25Pr0.375Ca0.375MnO3 in the temperature
range 3.5–210 K and in the field range 0–9 T. In-
terestingly, unlike La0.5Ca0.5MnO3, the critical field
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FIG. 8: (a) Contour plot of the intensity of the 400 cm−1
folded phonon mode in La0.25Pr0.375Ca0.375MnO3 as func-
tions of temperature and field. The dark (purple) shades
indicate the prevalence of the strongly JT distorted (P21/m
space group) structural phase, which is associated with the
AFM/COO phase. (b) Contour plot of the combined in-
tensities of the 420 and 440 cm−1 field-induced modes of
La0.25Pr0.375Ca0.375MnO3 as functions of temperature and
field. The dark (green) shades indicate the prevalence of the
weakly JT distorted (Imma or Pnma space group) struc-
tural phase, which is associated with the ferromagnetic metal
(FMM) phase. (c) Temperature/magnetic field phase dia-
gram of La0.25Pr0.375Ca0.375MnO3, inferred from the inten-
sity plots in (a) and (b), illustrating strongly JT distorted
(P21/m space group) AFM/COO phase (purple), weakly JT
distorted (Imma or Pnma space group) FMM phase (green),
and coexistent crossover phase (black) regimes.
Hc between strongly JT distorted/COO and weakly
JT distorted/FMM phases in La0.25Pr0.375Ca0.375MnO3
doesn’t show a monotonic decrease as a function of in-
creasing temperature, but rather increases systematically
from ∼2 T to 4 T with increasing temperature.
3. Discussion
Field-induced and thermal melting of COO in
La0.25Pr0.375Ca0.375MnO3 exhibit two notewor-
thy differences compared with melting of COO in
La0.5Ca0.5MnO3: (i) Pr-substitution causes a remark-
able disparity between field-induced and thermal melting
of COO in La0.25Pr0.375Ca0.375MnO3 that is not observed
in La0.5Ca0.5MnO3; more specifically, thermal melting of
COO in La0.25Pr0.375Ca0.375MnO3 shows little difference
from that observed in La0.5Ca0.5MnO3, but field-induced
melting of COO in La0.25Pr0.375Ca0.375MnO3 is sub-
stantially more abrupt—and occurs at significantly
lower fields—than field-induced melting of COO
in La0.5Ca0.5MnO3; and (ii) Pr-substitution causes
a dramatic reduction in the size of the coexistent
phase regime (black regions in Figs. 5(c) and 8(c))
in the HT -structural phase diagram compared to
that observed in La0.5Ca0.5MnO3. This leads to a
significantly more abrupt field-induced transition in
La0.25Pr0.375Ca0.375MnO3 between the strongly JT dis-
torted (P21/m space group) AFM/COO phase (purple
region in Fig. 8(c)) and weakly JT distorted (Imma or
Pnma space group) FMM phase (green region in Fig.
8(c)).
To explain this behavior, we note first that ear-
lier work on La0.25Pr0.375Ca0.375MnO3 by Uehara et
al. reported the coexistence of long-range FM do-
mains and long-range COO domains for T<80 K and
H=0 T, and the coexistence of short-range COO do-
mains and short-range FM domains for 80<T<210 K
and H=0 T.14 Accordingly, the dramatic difference be-
tween thermal and field-induced melting we observe
in La0.25Pr0.375Ca0.375MnO3 indicates that—by favoring
FM domains at the expense of COO domains—applied
magnetic fields are far more effective than thermal fluctu-
ations at disrupting long-range coherence between COO
domains and driving a COO/AFM to FM transition,
in La0.25Pr0.375Ca0.375MnO3. This description is consis-
tent with the observed increase with temperature in the
critical field Hc(T ) at which La0.25Pr0.375Ca0.375MnO3
transitions from the COO/AFM regime to the weakly
JT distorted FM regime (see Fig. 8(c)): with in-
creasing temperature, the size of the FM domains
in La0.25Pr0.375Ca0.375MnO3 is known to decrease to
nanometer length scales,14 thereby creating more PM re-
gions and a higher critical field needed to achieve a per-
colation transition of the FM domains in the FM “weakly
JT distorted” phase. Thus, we argue that field-induced
melting of long-range COO is fundamentally different
in La0.25Pr0.375Ca0.375MnO3 and La0.5Ca0.5MnO3: in
La0.5Ca0.5MnO3, field-induced melting of COO primar-
ily proceeds by a gradual reduction of COO domain re-
gions. By contrast, in La0.25Pr0.375Ca0.375MnO3, the
more rapid field-induced melting of COO occurs via the
enhancement of FM domain regions that are already
present in the material—even at low temperatures and
H=0 T—by Pr-substitution. However, thermal melting
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in La0.25Pr0.375Ca0.375MnO3 and La0.5Ca0.5MnO3 pro-
ceeds in the same fashion, namely by disrupting COO
domain regions and increasing the volume of the PM
phase.
These results further suggest that Griffiths phase mod-
els55,56,57 may be appropriate descriptions of the disor-
dered La0.25Pr0.375Ca0.375MnO3 system. The Griffiths
phase describes the behavior of a random magnetic sys-
tem that is between the completely disordered and or-
dered magnetic phases,56 and was first used to describe
a randomly dilute Ising ferromagnet in the regime be-
tween the observed (suppressed) FM critical tempera-
ture TC and the critical temperature TG of the pure
magnet (i.e., at which temperature the magnetization is
non-analytic in an external field).55 This suppression of
the critical temperature was associated in the Griffiths
phase with the effects of quenched disorder, which par-
tition the pure system into small ferromagnetic clusters.
There have been several recent studies that identify a
Griffiths phase in the manganites.57,58 In particular, we
note that the T -x phase diagram of La1−xSrxMnO3 re-
ported by Deisenhofer et al.,58 in which a Griffiths phase
regime is identified, is quite similar to the T -y phase
diagram of La0.625−yPryCa0.375MnO3,
14 in which a co-
existence regime of FM and CO phases having different
length scales is reported. Indeed, based on this similarity,
we can make a rough correspondence between the phases
of La1−xSrxMnO3 and La0.625−yPryCa0.375MnO3. The
correspondence between the phases observed in these ma-
terials is summarized in Table I.
Therefore, we propose that the field- and
temperature-dependent behavior observed in
La0.25Pr0.375Ca0.375MnO3 can be understood in the
context of Griffiths physics: In this picture, TC is depen-
dent on the size of the ferromagnetic clusters introduced
by disorder, i.e., the cluster size scales with TC . This
is consistent with our observation that the transition
from COO to FM in La0.25Pr0.375Ca0.375MnO3 can be
readily induced by applying even relatively weak fields
at low temperatures, where larger FM regions coexist
with COO regions.
Further, the abrupt field-induced transition between
COO and FM phases in La0.25Pr0.375Ca0.375MnO3—
which is in contrast to the more gradual transition ob-
served in La0.5Ca0.5MnO3—is naturally explained in this
description as due to a percolation transition of the FM
clusters, which can be associated with a non-analyticity
of the magnetization in the Griffiths model.57 However,
we hasten to add that there has been no systematic theo-
retical study of the field-dependence of “Griffiths phase”
systems, and more theoretical study would be welcome
to check the connection between the novel field-induced
melting behavior observed in La0.25Pr0.375Ca0.375MnO3
and that expected from Griffiths phase physics.
IV. SUMMARY AND CONCLUSIONS
Our detailed temperature- and magnetic-field-
dependent Raman study of the phase transitions in
La0.5Ca0.5MnO3 and La0.25Pr0.375Ca0.375MnO3 allows
us to provide specific details regarding the various struc-
tural phases that accompany thermal and field-induced
melting of COO in these materials. In La0.5Ca0.5MnO3,
we have found that thermal melting exhibits three
distinct temperature regimes: below 150 K, melting of
COO occurs at the interface between large coherent
COO regions (P21/m space group), causing a reduction
in the COO domain volume with increasing tempera-
ture, but maintaining the long-range coherence of COO
domains. Between 150≤T≤170 K, additional melting
leads to the eventual collapse of long-range COO, and
the evolution of a coexistence regime consisting of short-
range COO (P21/m space group) domains and “weakly
JT distorted” (Imma or Pnma space group) regions.
Above 170 K, COO domains are completely melted,
leading to a weakly JT distorted (Imma or Pnma space
group) regime. This temperature-dependent evolution
of the spectra is suggestive of a first-order “electronic
crystallization” transition in La0.5Ca0.5MnO3, with the
kinetics in the coexistence region corresponding to the
propagation of a phase front. The field-induced melting
process of COO in La0.5Ca0.5MnO3 is found to be quite
similar to the thermal melting process, suggesting that
field-induced melting of COO in La0.5Ca0.5MnO3 is
associated with a first-order quantum phase transition:
the application of a magnetic field disrupts antiferro-
magnetic order preferentially at the surface of COO
regions, giving rise to heterogeneous melting of the
coherent long-range COO regions, and a three-stage
field-dependent melting process: a low-field regime
in which a long-range “strongly JT distorted”/COO
phase is present; an intermediate-field regime in which
strongly JT distorted/COO domain regions coexist
with weakly JT distorted/FMM domain regions; and
finally a high-field regime in which a long-range “weakly
JT distorted”/FMM phase associated with either a
Imma or Pnma structure is present. This three-stage
field-dependent melting process in La0.5Ca0.5MnO3 is
consistent with the three distinct structural phases
identified by Tyson et al.37 over a more limited tem-
perature range. Based on our results, we were able to
obtain a complete phase diagram of La0.5Ca0.5MnO3 in
the temperature range 6–170 K and in the field range
0–9 T. Notably, the similarity between thermal and
field-induced melting in La0.5Ca0.5MnO3 is reflected
in critical field values, H∗(T )—between the long-range
COO and intermediate “coexistence” regimes—and
Hc(T )—between the intermediate “coexistence” and
weakly JT distorted FMM regimes—that decrease
roughly linearly with decreasing temperature at a
rate of ∼−0.2 T/K. Further, our results suggest an
approximate T=0 critical point of H∗(T=0)∼30 T for
La0.5Ca0.5MnO3, indicative of a very robust COO in
13
TABLE I: This table summarizes the corresponding phases among the T -x phase diagram of La1−xSrxMnO3, the T -y phase
diagram of La0.625−yPryCa0.375MnO3, and the T -H phase diagram of La0.25Pr0.375Ca0.375MnO3.
La1−xSrxMnO3
a La0.625−yPryCa0.375MnO3
b La0.25Pr0.375Ca0.375MnO3
c
Griffiths phase 0.075≤x≤0.16 short-range CO/FM phase 0.275≤y≤0.40 ∼80 K≤T≤∼200 K
TC(x)<T<TG TC(y)<T<TCO 0T<H<Hc(T )
FM/insulating phase 0.075≤x≤0.16 long-range CO/FM phase 0.275≤y≤0.40 0K≤T≤∼80K
0K<T<TC(x) TC(y)<T<TCO 0T<H<Hc(T )
FM/metallic phase 0.16<x long-range FM y<0.275 Hc(T )<H
T<TC(x) /short-range CO phase T<TC(y)
aRef. 58
bRef. 14
cFrom our discussion
La0.5Ca0.5MnO3.
To investigate the effects of disorder on commen-
surate COO in La0.5Ca0.5MnO3, we also examined
the La0.25Pr0.375Ca0.375MnO3 system. We found that
while thermal melting in La0.25Pr0.375Ca0.375MnO3 is
not significantly different from that in La0.5Ca0.5MnO3,
field-induced melting in La0.25Pr0.375Ca0.375MnO3 dif-
fers dramatically from that in La0.5Ca0.5MnO3: the
application of a magnetic field in the former ma-
terial is found to induce an abrupt transition from
a long-range COO to a “weakly JT distorted”/FM
phase with a very narrow intermediate coexistence field
regime, in contrast to a gradual transition observed
in La0.5Ca0.5MnO3. Moreover, the phase diagram de-
duced for La0.25Pr0.375Ca0.375MnO3 reveals that the crit-
ical field Hc(T ) between COO and weakly JT distorted
regimes increases from ∼2 T at T=3.5 K to 4 T at T=130
K, in contrast to a linear decrease of the Hc(T ) with
decreasing temperature in La0.5Ca0.5MnO3. This sug-
gests that disordering COO with Pr-substitution does
not appreciably affect temperature-dependent melting of
COO, but does significantly affect the field-induced melt-
ing of COO. We argue that the magnetic field induced
coherence between FM domains—which originate from
the introduction of Pr in La0.25Pr0.375Ca0.375MnO3—
accelerates the disruption of antiferromagnetic order in
COO, and leads to a distinctly different process of
field-induced melting of COO from that observed in
La0.5Ca0.5MnO3. In particular, we argue that field-
induced melting of COO in La0.5Ca0.5MnO3 is best
described as the percolation of FM domains intro-
duced at H=0 T by Pr-substitution, and we sug-
gest the Griffiths phase physics may be an appro-
priate theoretical model for describing the unusual
temperature- and field-dependent transitions observed in
La0.25Pr0.375Ca0.375MnO3.
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